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Abstract: Connexins (Cx) form gap junctions (GJ) and allow for intercellular communication. How-
ever, these proteins also modulate gene expression, growth, and cell migration. The downregulation
of Cx43 impairs endothelial cell migration and angiogenetic potential. Conversely, endothelial Cx43
expression is upregulated in an in vivo angiogenesis model relying on hemodynamic forces. We stud-
ied the effects of Cx43 expression on tube formation and proliferation in HUVECs and examined its
dependency on GJ communication. Expectedly, intercellular communication assessed by dye transfer
was linked to Cx43 expression levels in HUVECs and was sensitive to a GJ blockade by the Cx43
mimetic peptide Gap27. The proliferation of HUVECs was not affected by Cx43 overexpression using
Cx43 cDNA transfection, siRNA-mediated knockdown of Cx43, or the inhibition of GJ compared to
the controls (transfection of an empty vector, scrambled siRNA, and the solvent). In contrast, endothe-
lial tube and sprout formation in HUVECs was minimized after Cx43 knockdown and significantly
enhanced after Cx43 overexpression. This was not affected by a GJ blockade (Gap27). We conclude
that Cx43 expression positively modulates the angiogenic potential of endothelial cells independent
of GJ communication. Since proliferation remained unaffected, we suggest that Cx43 protein may
modulate endothelial cell migration, thereby supporting angiogenesis. The modulation of Cx43
expression may represent an exploitable principle for angiogenesis induction in clinical therapy.
Keywords: gap junctions; connexins; endothelial tube formation; human umbilical vein endothelial
cells; cellular migration
1. Introduction
Connexins are transmembrane proteins, which are the molecular bricks of intercellular
channels (gap junctions). Six of these proteins assemble to form a hemichannel, which
docks onto its counterpart from a neighboring cell to form a functional channel. These
channels connect the cytosols of adjacent cells and therefore enable the exchange of ions,
small metabolites, and signaling molecules between them [1]. They are critical for many
physiological functions in the body, specifically those in which the activity of a multitude of
cells has to be synchronized to ensure organ function [2]. Accordingly, gap junctions allow
for the spread of signals in blood vessels, ensuring homogenous diameter changes along
the length of the vessel during blood flow regulation [3–5]. The connexin family comprises
Int. J. Mol. Sci. 2021, 22, 7400. https://doi.org/10.3390/ijms22147400 https://www.mdpi.com/journal/ijms
Int. J. Mol. Sci. 2021, 22, 7400 2 of 13
21 members in humans, which are named according to their molecular weight [6], and of
these isoforms, four are expressed in vascular tissues (Cx43, Cx40, Cx37, and Cx45) [1,7].
In recent years, additional functions of connexins, specifically for Cx43, have been
identified that are independent of gap junctional communication. For example, Cx43 has
been demonstrated to modulate tumor growth, cell migration, and gene expression in a
manner that does not rely on gap junctional communication or the formation of intercellular
channels [8–11]. These functions are possibly related to the capability of, specifically, Cx43
to bind a multitude of proteins to its C-terminal domain that permits crosstalk between
Cx43 and cytoskeletal as well as regulatory proteins [12,13]. Interacting proteins include
transcription factors with consecutive modulation of gene expressions [14]. An impair-
ment of migration during development throughout the body may also contribute to early
postnatal death in mice with global Cx43 deletion [15]. Indeed, it has been long recog-
nized that gap junction proteins act as multifaceted regulators in brain development [16].
Specifically, migration has been demonstrated to be dependent on Cx43 expression. It
promotes adhesion between migrating cells, thereby enabling cell migration during brain
development [17]. During the migratory process, neurons undergo a transient morpho-
logical transformation and Cx43 exerts an important control function in this process via
signaling through other proteins [18].
Migration processes are essential not only for neuronal and embryonic development
but also for adult maturation and wound healing as well as angiogenesis and vasculo-
genesis. Initial studies demonstrated that factors secreted by connexin-overexpressing
cancer cells in vitro inhibited angiogenesis [19]. More importantly, Cx43 expression in
nonneuronal cells enhanced their own migration. If only the carboxy tail of the protein
was expressed, the positive modulation was still present, and conversely, migration was
reduced in endothelial progenitor cells after Cx43 downregulation [20]. Similarly, down-
regulation of Cx43 in human aortic endothelial cells resulted in impaired proliferation,
viability, and angiogenic potential. This was associated with an activation of c-jun N-
terminal kinase (JNK) and its downstream target c-jun. Interestingly, the inhibition of
JNK partially prevented these impairments, suggesting that the downregulation of Cx43
expression reduces the proangiogenic and proliferative potential of endothelial cells via the
activation of the stress-activated protein kinase JNK [21]. Other investigations verified the
detrimental effect of the downregulation of connexins in endothelial cells or endothelial
progenitor cells on their angiogenic potential [22,23]. However, a possible dependency on
gap junctional communication was not examined.
In a unique model of in vivo angiogenesis that is based on hemodynamic forces exerted
on a grafted vessel implanted as an arteriovenous (AV) loop, angiogenesis can be examined
without the need for the exogenous addition of angiogenic factors or their release from
surrounding tissue [24]. Previously, we demonstrated that the enhancement of blood flow
is decisive for the increased expression of endothelial Cx43 in a grafted vessel and for the
concurrent initiation of vessel formation in this model [25,26]. Interestingly, endothelial Cx43
activation was also detected in AV loop grafts in humans [27]. Therefore, we hypothesize
that the expression of Cx43 enhances the angiogenic potential of endothelial cells in a gap
junction communication-independent manner. To test this hypothesis, we examined the
effects of Cx43 up- and downregulation in human umbilical vein endothelial cells (HUVECs)
in vitro on intercellular communication, proliferation, and angiogenesis. Furthermore, we
assessed the efficacy of blocking gap junctional communication in these settings.
2. Results
2.1. Modulation of Cx43 Expression in HUVECs
Cx43 expression was assessed at the mRNA level using reverse transcription quantita-
tive real-time PCR (RT-qPCR). Non-treated HUVECs were concurrently measured, and
Cx43 expression after treatments is given as a relative expression (fold) normalized to
Cx43 mRNA levels detected in non-treated HUVECs. The transfection of cells with Cx43
cDNA increased its expression 3.4-fold (3.44 ± 1.01-fold, n = 17, p < 0.05), whereas sham
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transfection (empty vector) did not modulate Cx43 expression (1.16 ± 0.30-fold, n = 15).
Expectedly, treatment with siRNA markedly reduced the Cx43 expression in HUVECs
(0.12 ± 0.05-fold, n = 4, p < 0.05).
2.2. Dye Transfer Is Modulated by Cx43 Expression and Blockage of Cx43-Dependent Coupling
Dye transfer between cells after loading them with a fluorescent dye (lucifer yellow)
by scraping reflects gap junctional communication because the dye is not transported
through the membrane [28]. In the non-treated HUVECs, the dye covered an area of
0.81 ± 0.11 mm2. After transfection of the cells with Cx43 cDNA, the area covered by the
dye increased to 1.05 ± 0.11 mm2 (p < 0.05 vs. non-treated, n = 7). In contrast, sham
transfection (empty vector) did not change this area (0.85 ± 0.14 mm2; p = ns vs. non-
treated). The downregulation of Cx43 using siRNA strongly reduced dye transfer. The dye
covered only an area of 0.29± 0.05 mm2 (n = 7; 0.95± 0.18 mm2 in non-treated; p < 0.05). In
contrast, treatment with scrambled siRNA did not modulate the dye area (0.99 ± 0.18 mm2).
In cells treated with Gap27, which were all transfected with Cx43 cDNA, the dye area
amounted to 0.92 ± 0.20 mm2 (n = 6), which was significantly reduced compared to cells
transfected with Cx43 cDNA and treated only with the solvent of Gap27 (1.31 ± 0.27 mm2;
p < 0.05). These data are illustrated by representative images and summarized as values
normalized to the respective non-treated HUVECS in Figure 1.
Figure 1. Dye transfer was modulated by Cx43 expression and GJ blockade. The representative images show dye transfer
after scrape loading in non-treated controls (A), Cx43 cDNA transfected cells (B), and cells treated with Cx43 siRNA (C).
Scale bar is 100 µm. The summary data in (D) are normalized to paired sample values obtained in non-treated HUVECs.
The treatment groups are shown in black, and the respective controls are shown as white bars. Transfection with Cx43 cDNA
enhanced the dye transfer, which was not found after transfection with an empty vector (left, n = 7). The scrambled siRNA
(scram) had no effect, whereas Cx43 siRNA strongly decreased dye transfer (middle, n = 8). Dye transfer was significantly
attenuated in cells treated with Gap27 compared to the solvent controls (right, n = 6). * p < 0.05 vs. non-treated HUVECs
(paired t-test), # p < 0.05 vs. sham-treated control cells (paired t-test).
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2.3. Cell Proliferation Remained Unaltered by Modulation of Functional Cx43
Cell proliferation was quantified using the Bromdesoxyuridine (BrdU) incorporation
assay in the three treatment groups. The absorption due to incorporated BrdU in the
respective groups was normalized to the absorption measured in non-treated HUVECs,
which were examined in parallel on the same days. In cells transfected with Cx43 cDNA
as well as those transfected with an empty vector (sham), BrdU incorporation tended to
be slightly lower than in non-treated cells (normalized to non-treated: 0.93 ± 0.02 and
0.95 ± 0.03, respectively; n = 36). However, both groups (Cx43 cDNA, empty vector)
were not different from each other (Figure 2). In cells transfected with siRNA, BrdU
incorporation was strongly attenuated (≈0.70 of non-treated, n = 33). This attenuation
was similarly observed in cells treated with Cx43 siRNA and scrambled siRNA; thus, both
groups were not different from each other (Figure 2), indicating nonspecific inhibition of
proliferation due to the siRNA transfection protocol. BrdU incorporation was also slightly
reduced in cells treated with Gap27 or its solvent (and both transfected with Cx43 cDNA,
n = 54) compared to non-treated HUVECs examined in parallel. Again, these two groups
(treatment with Gap27 or its solvent) were not different from each other (Figure 2).
Figure 2. Proliferation assessed by BrdU incorporation remained unaltered by modulation of Cx43.
The absorption values after BrdU incorporation are normalized to paired sample values obtained
in non-treated HUVECs. The treatment groups are shown in black, and the respective controls are
shown as white bars. Proliferation was not different after transfection with Cx43 cDNA (n = 36), Cx43
siRNA (n = 33), or Gap27 (n = 54) compared to the respective sham treatment group. Treatment with
siRNA decreased proliferation markedly but to a similar degree in the scrambled (scram) and Cx43
siRNA group. * p < 0.05 vs. non-treated HUVECs (paired t-test), differences between treatment and
sham-treated groups were not detected (paired t-test).
2.4. Enhancement of Tube Formation by Cx43 Expression Remained Unaffected by Gap27
Angiogenesis was studied via an assessment of tube formation in HUVECs in different
treatment groups in parallel including a non-treated control group. Images were taken
2, 4, and 6 h after the cells were applied into the wells of slides to initiate angiogenesis.
Representative images obtained after 6 h are shown in Figure 3 for all groups, i.e., non-
treated, sham vector, Cx43 cDNA, scrambled siRNA, Cx43 siRNA, and cells treated with
Cx43 cDNA followed by Gap27 application. Endothelial tubes were formed in all groups
except in those transfected with the sham vector or Cx43 siRNA. In the quantitative analysis
nodes, segments (isolated elements and branches), trees (segments and branches), master
segments (elements connecting junctions), and meshes (area enclosed by segments) were
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identified, and their number and length increased with time in non-treated HUVECs
(Figure 4).
Figure 3. Angiogenesis assay in different treatment groups. Representative images obtained 6 h after the start of the tube
formation assay are shown for non-treated HUVECs (A), cells transfected with an empty vector (B) or with Cx43 cDNA
(C), cells treated with scrambled siRNA (D) or Cx43 siRNA (E), and cells transfected with Cx43 cDNA followed by Gap27
application (F). Scale bar is 250 µm.
In cells transfected with the empty sham vector, all of these parameters were strongly
reduced compared to non-treated controls. Statistical analysis was performed only after
6 h, and at this time point, all of these parameters were significantly reduced compared to
non-treated cells (p < 0.05, Figure 4). The attenuation is most likely due to the transfection
protocol that abrogates the angiogenic potential of HUVECs. Such an attenuation was,
however, not observed if Cx43 cDNA was transfected. While most parameters were not
different from non-treated cells, some (master segment length and segment length) were
significantly enhanced compared to non-treated cells (p < 0.05). This suggests that the
attenuating effect of the transfection procedure is offset and overcome by Cx43 cDNA
transfection. Treatment with scrambled siRNA did not reduce the parameters of tube
formation compared to non-treated cells. In marked contrast, Cx43 siRNA nearly abrogated
angiogenesis and all parameters were significantly reduced compared to non-treated cells
(p < 0.05, Figure 4). Blocking Cx43-dependent gap junctional communication using Gap27
(after Cx43 cDNA transfection) did not affect the tube formation parameters compared to
non-treated cells or compared to cells only transfected with Cx43 cDNA (Figure 4).
Int. J. Mol. Sci. 2021, 22, 7400 6 of 13
Figure 4. Angiogenic potential of HUVECs was modulated by Cx43 expression but did not depend on GJ communication.
Quantitative analysis of tube formation assays in different treatment groups 2 h (white bars), 4 h (grey bars), and 6 h (black
bars) after the start of the assay. Number of nodes (A) and segments (B); total sum of the length of segments (C), trees (D),
or master segments (E); as well as the area of meshes (F) are depicted. In comparison to non-treated HUVECs (n = 38),
transfection of the empty vector (n = 23) reduced all parameters of angiogenesis, which was overcome if Cx43 cDNA (n = 23)
was transfected. Treatment with Cx43 siRNA (n = 19) likewise abrogated the angiogenic potential, which was not observed
for scrambled siRNA (scram, n = 10). Treatment with Gap27 after transfection of Cx43 cDNA (n = 11) was without effect
on angiogenesis. Statistical analysis was only performed at timepoint 6 h. * p < 0.05 vs. non-treated HUVECs, # p < 0.05
vs. Cx43 cDNA, & p < 0.05 vs. Cx43 siRNA (only analyzed for scrambled siRNA), one-way analysis of variance (ANOVA)
followed by Bonferroni multiple-comparison test.
3. Discussion
The present study demonstrates that the expression of Cx43 modulates the angiogenic
potential of endothelial cells in vitro. Transfection of HUVECs with Cx43 cDNA enhances
and specific downregulation of Cx43 expression by siRNA strongly attenuates the angio-
genesis examined in a tube formation assay. This proangiogenic effect of Cx43 was not
blocked by interference with the Cx43-dependent gap junctional communication, and we
therefore conclude that the observed positive modulatory effect of Cx43 on angiogene-
sis is independent of its well-known function of enabling intercellular communication.
In an in vivo model of angiogenesis based on enhanced blood flow in a grafted vessel
(arteriovenous shunt) [24], we previously demonstrated that the enhancement of blood
flow is decisive in the initiation of the ensuing vessel formation [26]. This angiogenesis is
accompanied by an increased expression of endothelial Cx43 in the grafted vessel [25]. The
angiogenic potential of a such an arteriovenous loop acting as a vascular carrier can be
utilized in plastic surgery to promote axial neovascularization and, thus, to prime a specific
tissue unit for transfer using microsurgical techniques once intrinsic vascularization has
Int. J. Mol. Sci. 2021, 22, 7400 7 of 13
been achieved [29,30]. The present data suggest that Cx43 indeed may have a role in such
a setting although HUVECs were studied in vitro without flow.
The upregulation of Cx43 by transfection of Cx43 cDNA enhanced dye transfer in
HUVECs, which indicates that, after transfection, Cx43 proteins are also implemented at
a higher level into the membrane and form functional gap junctions. Importantly, this
effect could be blocked by the connexin-mimetic peptide Gap27, which specifically blocks
Cx43-dependent communication [31]. Conversely, the downregulation by Cx43 siRNA not
only reduced Cx43 at the mRNA level but also strongly abrogated dye transfer, suggesting
that Cx43 is an important connexin providing gap junctional communication in HUVECs,
which was also demonstrated previously and is in line with expression data [22,32]. Thus,
the experimental maneuvers induced functional responses on the cellular level with regard
to gap junctional communication, as expected.
Other investigators have demonstrated that angiogenesis is reduced after the knock-
down of Cx43 using siRNA in HUVECs [22], in human aortic endothelial cells [21], as well
as in endothelial progenitor cells, which was associated with a lack of their therapeutic
potential in hind limb ischemia in mice [23]. Similarly, the present data demonstrate a
remarkable impairment of angiogenic activity in tube formation assays after treatment with
Cx43 siRNA. This effect was specific since scrambled siRNA did not attenuate angiogenic
potential compared to non-treated controls. Unexpectedly, the transfection of an empty
vector to transmit cDNA severely affected the angiogenic potential of HUVECs, thus min-
imizing tube formation after 6 h, which is obviously related to the transfection protocol
and/or the incorporation of the empty vector. However, implementing Cx43 cDNA into
the vector completely restored the angiogenic potential of HUVECs. Some of the analyzed
parameters, such as the length of segments or of master segments, were even enhanced
compared to non-treated cells, demonstrating a profound positive modulatory effect of
Cx43 protein on angiogenesis. Most interestingly, this enhancement was not attenuated by
Gap27, which we verified impaired dye transfer in our experiments. Therefore, we con-
clude that the expression of Cx43 protein enhances the angiogenic potential of endothelial
cells in a manner that is independent of gap junctional communication. Thus, our present
study extends previous reports that examined only the effect of Cx43 knockdown, and
furthermore, we provide conclusive indication that the effect of Cx43 is not dependent on
the well-known function of connexins allowing gap junctional communication.
The downregulation of Cx43 was suggested to be associated with decreased prolif-
eration and survival of endothelial progenitor cells, which was possibly related to the
activation of the c-jun N-terminal kinase (JNK) [23]. Contradictory findings were obtained
in other cells. The expression of the carboxy tail of Cx43, which was also found to be
translocated into the nucleus, inhibited growth and proliferation [33,34]. Similarly, Cx43
carrying single mutations in the extracellular loop diminished cell proliferation supporting
a gap junction-independent effect of Cx43 on cell growth [35]. In the present experiments,
we did not find a significant effect of modulating the expression of Cx43 on proliferation
in HUVECs as assayed by BrdU incorporation into the DNA. Only the treatment with
siRNA exerted a drastic reduction in proliferation compared to non-treated cells. However,
such an attenuation of cell proliferation was similarly observed in the siRNA control group
(scrambled) and, thus, is rather nonspecific and most likely related to the siRNA trans-
fection protocol. Likewise, the blockade of gap junctional communication through Cx43
was without effect. This suggests that the positive effect on angiogenesis is not exerted by
modulating cell proliferation.
It is intriguing to speculate that the gap junction-independent proangiogenic effects
of Cx43 may be due to an effect on cell migration, which was reported previously for
neuronal [16,17] and other cells including endothelial cells [1,9,20]. The modulation of cell
migration was p38 MAP kinase-dependent and may specifically involve the functional C-
terminus of Cx43 [20]. Others have identified an interaction of Cx43 with zonula occludens-
1 (ZO-1) by which varying levels of Cx43 regulated F-actin cytoskeletal architecture and
modulated wound healing in endothelial cells [36]. Although these data suggest that Cx43
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physically interacts with other proteins within the cell to modulate the cytoskeleton or to
initiate signaling within a signalosome to result in the phosphorylation of target proteins,
it should be considered that Cx43 assembles in the membrane, forms hemichannels, and
releases mediators such as ATP [37] to modulate cell migration and angiogenesis. However,
Gap27 not only blocked gap junctional communication but also inhibited Cx43 hemichannel
opening in cardiomyocytes and brain endothelial cells [38,39]. Other connexins have also
been shown to affect angiogenesis. Cx32 enhanced the angiogenic potential of HUVECs,
and conversely, Cx32 deficiency impaired vascular sprouting and cell migration [40].
Endothelial cells also express abundant amounts of Cx40 and Cx37 [4]. Interestingly, these
connexins exhibited opposite effects on angiogenesis and arteriogenesis. Targeting Cx40
expression or function reduced angiogenesis in the developing mouse retina [41] and
reduced tumoral angiogenesis and its growth [42], while the deletion of Cx37 exerted
opposite effects. In a hindlimb ischemia model, Cx40 deletion deteriorated limb perfusion
after ischemia induction whereas Cx37 ablation enhanced recovery [43]. These divergent
results may be explained by the role of Cx40 in arteriogenesis [44], whereas Cx37 exerts
suppressive effects on cellular proliferation [45]. It will be interesting to explore the gap
junctional-independent effects of connexins with respect to angiogenesis in other models
of disease.
In conclusion, we demonstrated that the expression level of Cx43 in endothelial cells
positively modulates their angiogenetic potential. This effect is most likely independent of
gap junctional communication. These data add to the current understanding of endothelial
tube formation and may provide a mechanistic explanation for the previously described
initiation of vessel formation from a grafted vessel in a model of angiogenesis that relies on
increases in blood flow in vivo. The modulation of Cx43 expression may be an exploitable
principle for angiogenesis induction in clinical therapy.
4. Materials and Methods
4.1. Experimental Design
We performed tube formation assays, RT-qPCR, proliferation assays using Bromod-
eoxyuridine (BrdU), and scrape loading/dye transfer experiments in human umbilical vein
endothelial cells (HUVECs). Untreated HUVECS as well as HUVECs transfected with Cx43
cDNA using a vector (pcDNA3.2-Cx43-HA) or with siRNA directed against Cx43 were
examined. An empty pcDNA3.1 vector and scrambled siRNA were used as controls. The
connexin-mimetic peptide Gap27 [46] (Sigma-Aldrich, Darmstadt, Germany) was applied
to block Cx43-dependent gap junctional communication (GJ blockade). Importantly, for
each experiment, in these three experimental groups (Cx43 transfection, Cx43 siRNA, and
GJ blockade using Gap27), the respective sham treatment experiment (pcDNA3.1, scram-
bled siRNA, and DMSO as a solvent for Gap27) was performed in parallel (together with
non-treated HUVECs) on the same day in cells obtained from the same flasks in order to
perform an experimental design that resulted in paired samples unless otherwise stated.
4.2. Preparation and Culture of HUVECs
Endothelial cells were extracted from human umbilical cord veins by collagenase
digestion and cultured as described previously [47]. In brief, umbilical cords stored in
a sterile container at 4 ◦C were obtained once weekly from a local hospital (procedure
approved by the local ethic committee). Human umbilical cord vein endothelial cells
(HUVECs) from the cord lumen were extracted following collagenase I (100 U/mL; Sigma-
Aldrich, Darmstadt, Germany) digestion by perfusion with Hanks’ Balanced Salt solution
(HBSS, Merck KGaA, Darmstadt, Germany). The purity of the extracted HUVECs was
verified to be greater than 98% using anti-CD31 antibodies by FACS analysis (data not
shown). Pooled HUVECs were grown in culture flasks or wells that were coated with
0.1% gelatine solution. M199 medium (Gibco, Schwerte, Germany) supplemented with
10% fetal bovine serum (Capricorn, Ebsdorfergrund, Germany), large vessel endothelial
supplement (Gibco, Carlsbad, CA, USA), penicillin and streptomycin (100 U/mL, Gibco,
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Waltham, MA, USA), and heparin (10 U/mL, Sigma-Aldrich, St. Louis, MO, USA) were
used for the culture. The same medium without added antibiotics was used for transfection
experiments. HUVECs were cultured at 37 ◦C in humidified air supplemented with 5% CO2.
HUVECs were seeded in gelatine-coated six-well plates at a density of 2 × 105 cells/well.
For proliferation experiments (BrdU assays), 104 cells/well were seeded in gelatine-coated
96-well plates.
4.3. Plasmid Constructs, Transfection of Plasmid-cDNA and SiRNA, and Treatment with Gap27
The human Cx43 clone pcDNA3.2-Cx43-HA was obtained from the open plasmid
repository (Addgene, Cambridge, MA, USA, plasmid no. 49851), and pcDNA3.1 (Invit-
rogen, Schwerte, Germany) was used as the empty control vector. Transfection-grade
plasmid DNA was purified from Escherichia coli DH5α after transformation (Thermo Fisher,
Schwerte, Germany) using a Plasmid Plus Maxi Kit (Qiagen, Hilden, Germany) according
to the manufacturer’s protocol. All DNA constructs were confirmed by sequencing (SeqLab,
Goettingen, Germany). Human Cx43-siRNA (sc-29276) as well as control siRNA (sc-37007)
were purchased from Santa Cruz Biotechnology (Dallas, TX, USA).
For the protein knockdown experiments, cells were grown on a six-well plate and
transfected with 30 pmol small interfering RNA (siRNA) per well using Lipofectamine
RNAiMAX (Invitrogen, Schwerte, Germany) according to the manufacturer’s recommen-
dations in an antibiotic-free medium and incubated overnight. For cDNA transfection,
the cells in each well were transfected with 1.0 µg of Cx43 cDNA (pcDNA3.2-Cx43-HA)
or an empty pcDNA3.1 vector in antibiotic-free medium using the GenJet™ transfection
reagent (SignaGen Laboratories, Rockville, MD, USA) according to the manufacturer’s
protocol and incubated overnight. After transfection, the HUVECs were washed and a cell
culture medium was added before the experiments (tube formation, dye transfer, RT-qPCR,
or proliferation assay) started. In all experiments using Gap27, the HUVECs were trans-
fected with Cx43 cDNA. In these experiments, the HUVECs were washed similarly with
phosphate-buffered saline (PBS) after the Cx43 cDNA transfection protocol. Thereafter, the
culture medium as well as Gap27 diluted in medium (from a stock solution prepared in
sterile DMSO at 50 mmol/L and stored at −20 ◦C until use) was added to achieve a final
concentration of 100 µmol/L Gap27. Herein, the HUVECs were incubated for 24 h and
washed again in PBS before the continuation of the experiments. An equivalent amount of
DMSO was added in the respective control experiments and incubated for a similar time
period (24 h).
4.4. Tube Formation Assay
This assay was performed in different treatment groups in parallel including a non-
treated control group resulting in non-paired samples. The treatment groups were trans-
fected with pcDNA3.2-Cx43-HA or pcDNA3.1 (empty control vector), Cx43 siRNA or
scrambled siRNA, as well as a group of cells treated with Cx43 cDNA followed by Gap27
application. Trypsinized cells were resuspended in culture medium and counted after
trypan blue staining. Specific angiogenesis plates (µ-Slide™, Ibidi, Martinsried, Germany)
were prepared according to the manufacturer’s recommendations and coated with matrix
(10 µL of Cultrex™ reduced growth factor basement membrane matrix, Trevigen, Gaithers-
burg, MD, USA) on the day before the HUVECs were added. Five thousand cells dissolved
in 50 µL culture medium were applied into each well of the µ-slide™ and incubated at
37 ◦C in humidified air supplemented with 5% CO2. The cells were imaged after incubation
periods of 2, 4, and 6 h using a fully motorized microscope equipped with CCD camera
(BZ-9000, Keyence, Neu-Isenburg, Germany) using the 10× objective. Bright field images
with a resolution of 1360 × 1024 pixels were acquired using an exposure time of 1/1900 s.
The images were analyzed by ImageJ on a PC. First, the noise was reduced without remov-
ing the edges or details by anisotropic diffusion [48]. Then, capillary tube formation of
the HUVECs was quantified using the ImageJ plugin “Angiogenesis Analyser” [49]. This
software allows for quantification of a number of different parameters. We evaluated the
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number of nodes (defined as a pixel with more than three neighbors, corresponding to
a bifurcation), the number and sum of the length of segments, the isolated elements and
branches, the sum of the length of trees (composed of segments and branches), the sum
of the length of master segments (defined as elements connecting junctions formed by
a group of nodes), and the area of meshes in the network (defined as the area enclosed
by segments).
4.5. Quantitative Real-Time PCR
Total RNA extraction from HUVECs was performed using innuPREP RNA Mini Kit
2.0 (Analytik Jena, Jena, Germany). The total RNA (250 ng) was reverse transcribed using
M-MuLV reverse transcriptase in the presence of murine RNase-Inhibitor (New England
Biolabs, Frankfurt, Germany) with random hexamers and dNTPs (Thermo Fisher Scientific,
Schwerte, Germany) according to the manufacturer’s protocol. RT-qPCR was performed
using 1 µL of acquired cDNA for Cx43 detection or 1 µL of diluted cDNA (1:500) for L28
detection. A total of 5 µL of the 2xqPCRBIO SyGreen Mix (Nippon Genetics Europe GmbH,





The relative levels of human Cx43 mRNA were normalized to the corresponding
levels of human L28 and analyzed as described by Livak and Schmittgen using the 2−∆∆CT
method [50].
4.6. Scrape Loading/Dye Transfer Assay
Intercellular communication via gap junctions was characterized using dye transfer
after scrape loading, as described before [28]. In brief, confluent HUVEC monolayers in
six-well plates were used. Three cuts were applied with a surgical blade in each well after
washing with PBS containing Ca2+ and Mg2+ three times. Thereafter, cells were loaded
with lucifer yellow dye (Sigma-Aldrich, Darmstadt, Germany) by incubation of the cells
in a warmed dye solution (1 mg/mL) at room temperature for 5 min in the dark. After
this period, the dye solution was rigorously washed away and the HUVECs were fixed
using 10% formalin. Fluorescence and bright field images of the individual scratches were
immediately acquired thereafter using the motorized inverted fluorescence microscope
described above. Images were taken using a 10× objective and exposure times of 1/7 or
1/1900 s and stored on a hard disk at a resolution of 1360 × 1024 pixels for analysis later.
The area covered by stained cells was determined as the readout of dye diffusion through
gap junctions using ImageJ. Hitherto, the images were converted to black-and-white using
a threshold function and the area was measured after calibration.
4.7. Bromodeoxyuridine (BrdU) Incorporation Assay
Cell proliferation was measured using a standardized ELISA-based BrdU incorpora-
tion assay kit (Merck, Darmstadt, Germany) according to the manufacturer’s instructions;
104 cells/mL were seeded in 96-well plates and transfected or treated as described above
using adjusted amounts of pcDNA3.2-Cx43-HA (0.125 µg) or siRNA (5 pmol). Absorbance
was measured at 450 and 595 nm using a microplate reader (Multiskan FC Microplate
Reader, Thermo Scientific, Schwerte, Germany). The experiments were carried out in
triplicates, and the results were averaged and taken as a single observation.
4.8. Data Analysis
Statistical analysis was performed using STATA (Stata Corporation, College Station,
TX, USA). The data are presented as a mean ± standard error of mean (mean ± S.E.M.).
Paired samples were analyzed by the paired t-test. Unpaired data (tube formation assay)
were compared using one-way analysis of variance (ANOVA) followed by Bonferroni
Int. J. Mol. Sci. 2021, 22, 7400 11 of 13
multiple-comparison test. Differences were considered significant at a corrected error
probability of p < 0.05.
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